The incorporation of the cognitive radio (CR) technology as a spectrum management tool in satellite communication has attracted considerable research attention because the CR allows the coexistence of the primary and secondary networks using the same resources. In this paper, satellites and their users are considered as a primary network, and the terrestrial base stations (BSs) and their users are considered as a secondary network. Besides, it is considered that terrestrial users cause interference to satellite users due to technical and environmental constraints. This interference reduces satellite users' satisfaction with downloads rate. In such a cognitive satellite network environment, content placement may also cause a decrease in user satisfaction. The successful download probability (SDP) is analyzed in this work based on different terrestrial user density. To utilize the satellite cache resources effectively, we propose two transmission strategies based on the terrestrial user density, namely, the multi-point cooperative transmission strategy (CT) and the parallel transmission strategy (PT). In addition, based on the cache service probability we determine the ratio of content distribution most popular content (MPC) and general popular content (GPC) and optimize the content placement process using the utility function in CT mode. Through computer simulation, we give numerical results of our method. The obtained numerical results show that the proposed strategies are effective in content placement.
I. INTRODUCTION
Due to the advantages of global coverage, seamless connectivity, and high-speed broadband access available to worldwide users, satellite communication has been a dominant communication technology in recent years. Therefore, many research institutes have paid much attention to this field recently. Spectrum sharing technology is not only in the field of land network research, but also attracts the attention of researchers in satellite networks [1] - [5] . Although many of the existing spectrum sharing techniques [1] - [5] can suppress the interference from terrestrial users to satellite users, the terrestrial users still cause interference to the satellite users due to technical and environmental constraints. The interference reduces the satellite users' satisfaction with
The associate editor coordinating the review of this manuscript and approving it for publication was Shuai Han . download performance. In addition, in a cognitive satellite network environment, content placement may also cause a decrease in user experience. However, caching the most popular content on the network edge [6] - [13] can reduce both the consumption of backhaul link resources and the content download delay.
In the cache-enabled satellite networks, the interference caused by spectral sharing is predictable because of the nature of satellite user distribution. The distribution of terrestrial users is generally not uniform, which makes it difficult to be approximated by using the distribution functions. The land users near the equator are generally considered to have a large distribution density, while the user distribution in all the other places is considered sparse. Therefore, in this work, it is assumed that satellite users near the equator are interfered by the terrestrial base stations due to the spectrum sharing, while satellite users in all the other places do not suffer from the interference from the terrestrial base stations even if they use spectrum sharing. However, The above studies did not classify the interference situation, so the analysis of the outage probability given is not very accurate. Secondly, we give different transmission design methods corresponding to different content popularity. Our method differs from [14] in that: First, the outage probability we use is based on the user density of ground interference, and secondly, we not only give the optimization ratio of MPC and GPC transmission, but also carry out multiple satellite fragmentation storage for GPC content, reduce the cache occupancy of GPC content, and improve the utilization of cache.
In the paper, we propose a cluster-centric solution for low earth orbit (LEO) satellites which combines caching and transmission policy to balance transmission and content diversity. The overall cache space in a cluster is arranged by the central controllers so as to distribute the same, most popular content to each satellite in the cluster above highdensity users or to store different parts of the general popular content on satellites above low-density users, ensuring that all the parts of a cached content can be found inside the same cluster. When a cache hit happens, depending on whether the content is cached using the most popular content (MPC) strategy [14] - [16] or the general popular content (GPC) strategy, two transmission schemes are used respectively, namely, the multi-node coordinated [17] transmission (CT) scheme and the multi-node parallel transmission (PT) scheme. In the article, an inherent tradeoff between the transmission diversity and the content diversity is made. Also, an optimal MPC caching ratio is determined through solving the objective function by maximizing the cache service probability. The optimal solutions can be applied directly to the central controllers and adapted to the network environment, user Quality-of-Service (QoS) requirement, and content popularity information.
The main contributions of this paper can be summarized as follows. In view of the large delay in downloading content by users, we propose a content placement method based on utility function. In this method, based on the fact that the spectrum sensing technology constrains the spectrum sharing effect, combined with the characteristics of the satellite network, the successful download probability of the content under different interference models is given. In addition, according to the characteristics of content popularity and user needs, two different transmission methods are designed to improve the cache efficiency of satellite nodes and reduce the download delay of users. Then, in order to improve the storage efficiency of GPC, a utility function based on forwarding cost and storage cost is proposed. Finally, by optimizing the problem, the optimal placement of content is obtained.
The rest of the paper is organized as follows. In Section II, the related work is presented. In Section III, the system model is introduced. The proposed transmission strategy design based on the satellite user location is presented in Section IV. The content placement is explained in Section V. In Section VI, the numerical analysis of the proposed strategy is provided. Lastly, in Section VII, the conclusions and guidelines for our future work are given.
II. RELATED WORK
In this section, we mainly summarize some important related work. The earlier research on satellite storage networks was based on the Internet [18] , [19] . In [18] , a satellite-based caching scheme is proposed, which local ISP operators cache data received directly from satellite disks instead of receiving data from higher-level operating agency ISPs over existing Internet connections. Therefore, this way of receiving data over satellites no longer requires a hierarchical cache mode. Instead, the primary site with the Internet connection and the satellite transmitter collects documents from the source server for some of the organization's cache requests and broadcasts them to all agency caches via satellite channels. In this way, content is distributed via cache satellites, and even small ISPs can achieve very high hit rates locally with the help of large caches. Also representative is the Cache Satellite Distribution System (CSDS) [19] in which the participating agents periodically report requests received from their clients to the central station. The central station selects a set of web documents that are ''pushed'' to the distribution agent via a broadcast, so in future local document requests, the documents will already reside in the local cache and do not need to be extracted from the terrestrial network. The advantage of broadcasting a document through a cached satellite distribution system is that once a request is made at any agent, the document can be used in all caches. As a result, user latency is reduced and bandwidth costs are saved.
In the second phase, the representative of the satellite information network based on the Ground Information Center Network (ICN) is satcache [20] . Satcache proposes to make full use of the broadcast nature of satellite communications, create a network user's preference [20] by estimating the potential interest in content, and store content of interest to other users on the nearest satellite terminal, while fully use the ground information center network ICN. Caching popular content in a satellite network can satisfy the user's need for the same content. Therefore, redundant traffic can be greatly reduced. However, the literature [21] proposes an architecture that integrates satellites with terrestrial information center networks (ICNs). In [22] , a network model for satelliteassisted emergency communication based on the ground information center network architecture is proposed which greatly reduces the end-to-end delay of emergency data.
The development of the three stage is based on the on-board cache. In traditional satellite terrestrial networks, it is assumed that only ground stations have caching capabilities. Each ground station caches the most popular files in its area to meet the needs of local users. However, in [23] , a twolayer cache model is proposed in which the cache placed on the ground station constitutes the first layer cache and the cache deployed on the satellite constitutes the second layer cache. To take full advantage of the broadcast advantage of satellite, a window is set up to summarize the ground station's request for the same file. When the aggregation window expires, these requests will be served by a satellite broadcast.
III. SYSTEM MODEL
We consider a wireless system having N users who are represented by a set N = {1, 2, . . . , N }. The system model is presented in Fig.1 . In order to use the spectrum efficiently, we assume that satellites share the spectrum resource with terrestrial base stations, but the satellite users denote primary users, and the terrestrial users denote secondary users (SUs). Accordingly, the satellite network denotes the primary system, and the terrestrial network denotes the secondary system. In addition, we consider that primary and secondary systems work in the underly mode. In this paper, a primary user is denoted as i, i ∈ I, and a secondary user j is denoted as j ∈ J , and I ∪ J = N it holds that. Besides, we classify satellites into two categories based on the density of their terrestrial users, namely the satellite categories V = {1, 2, . . . , V } and K = {1, 2, . . . , K } which include the sparse users and the dense users, respectively. Next, we assume that each satellite has a caching capability which is needed for storing the content to be downloaded. The content popularity follows the Zipf's law [14] , [15] , which is given by:
where f denotes the content ranked according to the descending order of content popularity, F denotes the content set, and F = |F|, and γ denotes the coefficient that controls the content popularity distribution.
A. CHANNEL MODEL
We assume that LEO satellites communicate with their users in the presence of interference from the cell transmissions. Accordingly, the received signal at a satellite user i can be defined by:
where P k,i and P B,j respectively denote the transmitting power of a satellite k and power of a terrestrial user j belonging to base station B, and x k,i and x j,i are the corresponding signals. In addition, h k,i is the channel coefficient of a link from a satellite u to a satellite user i, and h j,i is the channel coefficient of a link from a terrestrial user j to a satellite user i. Meanwhile, n 0 represents the zero-mean additive Gaussian noise at a satellite user. Thus, the probability density function (PDF) of can be defined by:
where σ 2 denotes the variance of the Gaussian noise. The Nakagami distribution is suitable for terrestrial mobile communication channel modeling. Namely, it was demonstrated that in the tests performed in the actual wireless environment, the Nakagami distribution provided a better match of the test results to the actual results than the Rayleigh and Rice distributions. Thus, we assume follows the Nakagami-m distribution [24] - [26] with fading severity parameter m and average power . The probability density function (PDF) of the channel gain h j,i can be expressed as:
Then, the instantaneous signal-to-interference-noise ratio (SINR) at satellite i can be calculated by:
In the case of spectrum sharing, it is generally considered that secondary users do not cause interference to the primary users. However, there are exceptions when the primary users are interfered by the secondary users (spectrum sensing errors, hidden nodes, and so on), and more details about that can be found in [27] . The density of secondary users affects the spectrum sharing performance directly, further affecting the probability of successful content download. Therefore, we derive the successful download probability distribution for two different user densities. Scenario of sparse terrestrial users: In this scenario, we assume that terrestrial users do not interfere with satellite users. Thus, the signal to noise ratio can be expressed by:
Then, the successful download probability can be expressed by:
where θ denotes the SNR threshold. Scenario of intensive terrestrial users: In this scenario, we assume the spectrum sense efficiency of a spectrum sharing technique may be degraded due to the receiver noise/interference uncertainty. In order to analyze the interference in detail, we first assume that there is a spectrumsharing interference, and then we derive the conditional outage probability. On this basis, the successful probability of content download is obtained by taking into account the probability of hidden nodes. Under this scenario, it is still reasonable to assume that the interference accumulates at a user i because all the other users are bounded. Thus, the probability can be expressed by:
For the convenience of representation, so the probability can be calculated by:
, then the probability p k,i (θ ) can be denoted by
For a detailed derivation process of the probability p k,i (θ ), please see Appendix A.
IV. TRANSMISSION STRATEGY DESIGN BASED ON SATELLITE USER LOCATION
In this section, we introduce two transmission methods based on the density of terrestrial users: parallel transmission (PT) and cooperative transmission (CT).
Parallel Transmission: In order to meet user requirement for fast downloading rate, we choose to copy multiple parts of the same MPC on different satellites. When different users want to download the same content without using the backhaul link, the content can be downloaded directly from a local satellite. It can also be downloaded from multiple satellites (for diversity purposes). Since the approach is similar to the parallel approach used in computers, it is named the parallel transmission.
Cooperative Transmission: As for the GPC, user requirement for downloading rate is lower, so in the case that each satellite stores different content, the storage efficiency of the cache will be reduced; therefore, we store the GPC segments on different satellites, and the user can use the multi-point relay for content downloading through multipoint transmission, so this approach is named the cooperative transmission.
To derive two probabilities p PT (θ ) and p CT (θ) corresponding to the PT mode and the CT mode, respectively, we define K events E 1 , E 2 , . . . , E K to represent the content to be downloaded from K satellites respectively. According to the probability theory, we can derive the summation formula of events E 1 , E 2 , . . . , E K as (10) , as shown at the bottom of the next page.
When the number of satellites over the dense user area is K = 2, the parallel transmission probability can be derived as follows:
where p(E k ) = p I k,i . The storage cost increases when there is a low number of GPC content downloads, so here, to reduce the storage cost, we store the content in fragments. Namely, we assume that content is divided into s fragments which are stored on s satellites (in this work, s < V ). Thus, in the case of cooperative transmission, the probability of successful content download p CT i,f (θ ) can be expressed by:
where (c) indicates that the events are independent, and (e) indicates that the general popularity content (GPC) is stored on s satellites.
V. CONTENT PLACEMENT
In this part, we first optimize the proportion of MPC and GPC based on the cache service probability. Secondly, our optimization of the proportion of GPC content is based on the idea of fragment storage. The significance of this is that due to the high popularity of MPC content, frequent downloads, and high revenue, multiple satellites are required to store the same content. However, GPC content is less popular and has less revenue. Therefore, multiple satellite are needed to store one content to reduce the use of the cache.
A. CONTENT PLACEMENT OPTIMIZATION BASED ON THE CACHE SERVICE PROBABILITY
We define the cache service probability. Definition 1: When there are K + V satellites inside the cluster, the cache service probability is given by:
Since there are k satellites storing the same content, the number of contents stored by k satellites is σ p kM , and σ p kM + M − σ p M contents are stored on the remaining v satellites. When γ < 1 and M F, the following approximation [14] can be used:
Then,
q(f ) can be respectively expressed as:
where γ represents a coefficient that controls the content popularity distribution. Substituting (16) in to (13), we obtain
Our goal is to maximize the cached service probabilities by setting the ratio σ p of the MPC. In fact, this is a optimal problem defined by:
Obviously, the second derivation of the function P r (σ p |k) is negative. Therefore, the utility function is concave. Also, the constraint is affine, so problem 1 can be transformed into a convex problem. Since the duality gap between the problem and its corresponding dual optimization problem is zero, the problem is solvable. We give the solution of problem 1 as follow Theorem 1: The optimal ratio σ * p of content placement on satellites is given by
Proof: Please refer to B section of appendix.. 
B. CONTENT PLACEMENT OPTIMIZATION IN CT MODE
In this subsection, we introduce a utility function model to get the content placement in a multipoint collaboration mode. This model embodies the cost of both relay transmission and storage. Namely, we maximize the profit of the utility function by optimizing the segmentation ratio of the content on each satellite. The utility function model is based on the economics-based quantitative model. In this model, the transmission cost is given by
is the proportion of fragments in which the content f is stored on the satellite v.
We use the nature of popular distribution to describe the storage cost. The more popular the content is, the greater the demand for it will be, so the benefits of storing this content will be greater. Conversely, the less popular the content is, the less demand for it will be, so the benefits of storing this content will be small. Hence, content popularity and storage cost are inversely proportional [28] . The storage cost can be expressed as
where γ is the popular distribution coefficient, and µ f ,γ is the conversion factor.
Then, we introduce the price P v,f ; this price represents the price of downloading a content f from a satellite v. According to the volume model, we can define the profit model for storing a content f as follows:
The satellite utility function is given as an average utility of all the content types, and it is defined by:
In order to obtain the maximum average profit for each content downloading, we define the following optimization problem:
In problem 2, the objective function is convex, and the constraint is an affine function. Therefore, the problem defined by problem 2 can be transformed into a convex problem. Then, problem 2 has a uniform solution which is given by (22) .
For the detailed derivation process see Appendix C.
VI. NUMERICAL ANALYSIS
The performance of the proposed combined caching strategy was validated by the simulations. In the simulations, we used the STK (Satellite Tool Kit) tool to generate an Iridium-like constellation that contained 66 LEO satellites which were evenly distributed in six orbital planes. In the simulations, set K consisted of three satellites near the equator, and set V consisted of six satellites. Besides, MATLAB software was used to generate the Rayleigh distribution of σ 2 = 1 and the unilateral Gaussian distribution of = 1, respectively; we also used the unilateral Gaussian distribution equivalent, the Nakagami-m distribution, m = 1.
A. PERFORMANCE EVALUATION ON p I k,i
In order to facilitate the simulation, we set the variance of the ground user's interference power to T . When the relation given by (8) was used, the results presented in Fig. 2 .
∂L(ξ , β, κ, λ) As shown in Fig. 2 , as the interference power threshold T increased, the probability of successful reception decreased; namely, the weaker the signal capability at the receiving end was, the greater the probability of receiving failure was. These results are consistent with the real situation, which proves the correctness and credibility of our derivation. In addition, as can be seen in Fig. 2 , the larger the number of satellites which stored the most popular content was, the greater the probability that user would receive that content was. For instance, in Fig. 2 , the three non-marked lines are below the three marked lines, where the marked lines refer to the case of K = 2 in the PT mode, and the non-marked lines refer to the case of K = 1 in the PT mode. In the simulations, when multiple satellites stored the same content, the success probability increased, similar to the diversity reception. Besides, the greater the ground interference to the satellite users was, the greater the probability of content acceptance failure was. At K = 2, the simulation results were very close to the theoretical results.
B. PERFORMANCE EVALUATION ON p CT k,i
In the area where the land users were sparse, the interference from the land users to the satellite users was ignored, and the probability of successful reception was defined by (7) . Following (7) and employing our parallel transmission strategy, we obtained the results which are presented in Fig. 3 . As shown in Fig. 3 , as the SNR threshold increased, the probability of successful content reception decreased. We repeated the simulation by storing the content segments on a different number of satellites, namely 3, 5, and 8 satellites; that is, one content was divided into s segments (s=3, 5, 8) . As the number of segments increased, the efficiency of parallel transmission became higher. However, the satellite whose content was fragmented can be seen in Fig.3 . The larger the value of s was, the lower the probability of successful reception was. Therefore, while ensuring cooperation transmission efficiency, the probability of successful reception should be taken into consideration. At s of 3, 5, and 8, the theoretical results were close to the simulated values. In a sparsely landed environment, we set a very small random probability to interfere with the satellite user in the simulation environment, which is why the simulation and theoretical values did not completely coincide.
C. PERFORMANCE EVALUATION ON OPTIMAL σ * p As shown in Fig.4 , as the popular distribution coefficient increased, the ratio of the MPC content placed on K satellites decreased. This was because the popular distribution coefficient improved the discrimination of content popularity. Thus, the better the discrimination was, the lower the ratio of the MPC was. In addition, the more satellites participated in the MPC, the higher the ratio was, and the user requirements for content download were met better. In the CT mode, the more content fragments existed, the more the ratio of the MPC increased. The main reason for this is shown in Fig.4 . The more fragments existed, the lower the probability of successful content download was, which inevitably increased the ratio of the MPC mode. In the case of s = 3, θ = 1, comparing the theoretical values with the simulation results, we find that our theoretical results are very close to the simulated values.
In the case of sparse land users, the content placement ratio of each satellite in the CT mode was optimized by (22) . The obtained optimization results are presented in Fig. 5 . In Fig. 5 , the values of the cost of content download, the number of satellites participating in the content placement, and the maximum number of forwards that provided optimized placement ratio and forwarding cost are presented. As can be seen in Fig. 5 , the greater the storage cost was, the smaller the ratio stored in the cache was. The storage cost C v,f ,γ was inversely proportional to the popular probability p f ,γ . As presented in Fig. 5 , the less popular content would be stored at less space storage. Accordingly, for given storage space, more space should be used to store the more popular content to obtain more benefits from an economic perspective.
VII. CONCLUSION
In this paper, we address the problem of content placement on different satellites, optimizing the hit probability of content in the cache based on content popularity. In our optimization model, the successful download probability of content is derived for two different scenarios. In order to meet the requests for a content download of different users, we solve two optimization problems to provide an optimal cache space assignment for the proposed combined caching strategy. First, to maximizes the percentage of successfully served requests by a local cache, we determine an optimal σ p . Second, in the CT mode, we search for an optimized content placement to use the satellite cache efficiently. In sparse-user areas, to reduce the storage costs, we use the utility function to describe the cache revenue. Then, we optimize the utility function by designing a strategy for content placement. The performance of the proposed combined caching strategy was evaluated by numerical simulations. The simulation results show that our proposed method can achieve a compromise between transmission diversity and content diversity, and can optimize the content placement.
APPENDIX

A. PROOF OF THEOREM1
Assume that the cumulative interference is limited;
) and Z = Y X . Then, the definite integral can be defined by:
At m = 1/2, we have To check the concave property of the utility function, we use the second derivation of the function, which is given by:
Obviously, the second derivative of the function is negative. Therefore, the utility function is concave, and the first derivative is given by: VOLUME 7, 2019 By applying the Lagrangian multipliers to the objective function, we use the relationship given by (6) . However, since we assume that there is only a change in the cost per relay, and there is no change in the content placement, we use (7) instead of (6), so we put the content placement variable outside the summation symbol. Then, the KKT conditions can be written as follows:
The Lagrangian multiplier of this objective function is as in equation (23), as shown at the bottom of Page 6. From (32), we have (24) , as shown at the bottom of Page 6. By solving the equation (24), we can obtain the following optimization result.
Suppose that β N −K v=1 ξ (v, f ) − 1 = 0, then, based on (33) we have β = 0. Due to κ(ξ (v, f ) − 1) = 0, ξ (v, f ) > 0, it holds that κ = 0, and similarly, λ = 0. Then, by substituting
Lastly, by substituting (37) into (36) we have
This completes the proof.
